Two-fl uid model (TFM) and discrete element model (DEM) are the two most widely used methods for numerical simulation of dense gas-solid
INTRODUCTION
Gas-solid two-phase spouted bed with its excellent heat and mass transfer characteristics is widely used in coal fuel desulfurization and denitrifi cation, drying of materials, heat transfer, catalytic cracking of raw chemical materials and many other areas of chemical industry (Banerjee and Agarwal, 2017; Bellan et al., 2017) . In all these applications, very complex multiphase fl ow, interphase energy conversion, and chemical reaction processes are involved (Sivakumar et al., 2016; Beheshti et al., 2015) . Studying the gas phase and solid phase dynamic characteristics, interphase energy exchange and thermodynamic effects are of great importance for the design of the reactor and in the improvement of the chemical reaction effi ciency (Yang and Agarwal, 2017) .
Numerical simulation has now become one of the most cost-effective ways to conduct in-depth studies of multiphase fl ow patterns in fl uidized beds (Banerjee and Agarwal, 2016; Bellan et al., 2018) . The key in the accurate numerical simulation is the correct modeling of movement of the solid phase in the fl uid/gas including the collisions among the particles and the interaction between the multiple phases. Until now, there are mainly two approaches used in the literature for modeling the multiphase fl ow in fl uidized beds due to gas solid interactions. One is the Eulerian approach, which treats all phases as interpenetrating continuum fl uids, also known as the two-fl uid model (TFM) (Hernández-Jiménez et al., 2015; Banaei et al., 2018; Nikolopoulos et al., 2017) . The dispersed phase is averaged over each control volume, and both the solid and gas phase are governed by similar conservation equations. The other method is the Euler/Lagrange approach, which tracks a larger number of representative solid particles to simulate the dispersed phase (Bellan et al., 2017) . The main difference between the two is that the Eulerian approach does not consider the collision between the particles and between the particles and the walls, while the Euler/Lagrange approach takes in account these effects but requires more computer resources and time (Askaripour and Dehkordi, 2015) .
Discrete element method (DEM) belongs to the Euler/Lagrange approach, which regards the fl uid phase as a continuous phase and the particle phase as a discrete phase. The DEM in a fl uidized bed is now applied increasingly with increase in the available computing power. Limtrakul et al. (2004) studied the local mass transfer throughout a catalytic gas-solid fl uidized bed reactor by using DEM, and the simulation results showed excellent agreement with the experimental data. Tsuji et al. (2008) used DEM to investigate the fl ow structures induced by bubbles formed in three-dimensional shallow rectangular gas-fl uidized beds; more than 4.5 million particles were tracked by using 16 CPUs. Alobaid et al. (2013) performed a validation study to assess the results obtained from an in-house CFD/DEM code and a quasi-2D spouted-fl uidized bed experiment; the results suggested that DEM can accurately predict the particles motion and the pressure gradients in the bed. Sakai et al. (2014) developed a DEM coarse grain model to perform large-scale DEM simulations by using a smaller number of particles than the actual number; the accuracy of this model was validated by simulating a three-dimensional fl uidized bed. Zhuang et al. (2014) used DEM to simulate the gas-solid fl ow behavior in a methanol-to-olefi ns fl uidized bed reactor; their simulation results were in good agreement with the classical calculation and experimental data. Overall, DEM has been proven to give high simulation accuracy for the fl uidization regimes in fl uidized bed reactors.
The start-up process has the most complex fl ow behavior in a fl uidized bed when the gas begins to transfer energy to particles and particles begin to move up and then simultaneously drop down, while the momentum transfer from the gas to particles leads to various fl ow instabilities (Maurer et al., 2015; Altantzis et al., 2015) . In this paper, the transient simulations of the quasi-2D spouted fl uidized bed are performed using the DEM and TFM, respectively. The results from DEM and TFM are compared with the experimental data and are analyzed for the bubble shape, bed height, and particle velocity. By establishing accurate validation models for simulation of transient gas-solid fl ows, it is envisaged that this research could help in gaining deeper insight into the fl uidization behavior and provide information for best practices for further modeling and design of the industrial-scale CLC reactors.
COMPUTATIONAL MODELING

Two-Fluid Model (TFM)
In the Euler-Euler model, the description of multiphase fl ow as interpenetrating continua incorporates the concept of phasic volume fractions, and the laws of conservation of mass and momentum are satisfi ed by each phase individually. The derivation of the conservation equations can be done by ensemble averaging the local instantaneous balance for each of the phases or by using the mixture theory approach (Bowen, 1982) .
The continuity equation for the phase q is
wher e α q , ρ q , and q v are the volume fraction, density, and velocity of the phase q, respectively.
The momentum balance for the phase q is
where τ q is the stress-strain tensor of the phase q, and it is given as ( )
Here μ q and λ q are the shear and bulk viscosity of phase q, I is the unit tensor, and P is the pressure shared by all phases. Equation (2) must be closed with appropriate expressions for the interphase force R pq . This force depends on the friction, pressure, cohesion, and other effects, and is subject to the conditions that = − pq qp R R and 0 =R . A simple interaction term of the following form is used here:
where K pq = K qp is the interphase momentum exchange coeffi cient, and p v and q v are the phase velocities.
Since the treatment of the solid phase is similar to the fl uid phase, the conservation equation applied to the continuous phase is also applicable to the discrete phase, and the mass conservation equation and the momentum conservation equation of each phase are calculated separately. However, the processing of the particle phase is far from being suffi cient by simply using the above conventional equations; therefore, these equations must be modifi ed. Thus, the constitutive equation of the particle dynamics theory is introduced so that the above equations can be closed when the particle phase is processed. The solid phase viscosity force and the solid phase pressure are introduced when the temperature of the particle phase is treated so that the equation can better describe the motion of the solid phase.
Discrete Element Model (DEM)
DEM regards the fl uid phase as a continuous phase and the particle phase as a discrete phase. The fl uid phase is solved based on the Navier-Stokes equations, while the discrete phase is solved using Newton's equation of motion (Alobaid et al., 2013) . The particle motion and the collision process are solved by the DEM method. The forces between the fl uid phase and the particle phase are solved by two-way coupling in ANSYS Fluent. The basic principle behind the coupling is as follows: the fl ow fi eld at a certain point in time is solved by the Navier-Stokes equations, and then the fl ow fi eld data is applied to the particle phase by using the drag force law in the DEM model. The DEM method is used to calculate the stress on each particle, and it solves the particle equation of motion at the next step in time. The properties of the particulate phase are transferred back to the fl uid phase in the form of momentum sinks in order to achieve the two-way coupling of the particulate phase and the fl uid phase. Detailed computational modeling equations could be found in our previous study Ba i et al., 2018) and other references (Alobaid et al., 2013; Limtrakul et al. 2004 ).
EXPERIMENTAL AND NUMERICAL METHODS
Experiment
As shown in Fig. 1 , a spouted fl uidized bed experimental rig was established in the Fluid Machinery Laboratory at Jiangsu University. The fl uidized bed apparatus is a rectangular box made of Plexiglas with length, width, and height of 15 cm, 2 cm, and 100 cm, respectively. The 30,000 solid particles used are glass beads 2.5 mm in diameter. The initial bed height is about 15 cm. At the inlet, fl uidizing air is supplied through 9 small holes with a diameter of 2 mm.
The inlet fl ow rate was controlled by a high-accuracy mass fl ow controller of 0.006 kg/s at room temperature. Three pressure sensors located at heights of 2 cm, 22 cm, and 40 cm measured the pressure fl uctuations in the bed. The photographs of particle aggregation and dispersion in the fl uidized bed were captured in real-time by a high-speed camera placed in front of the bed. More details of test rig can be found in our previous study Bai et al., 2018) .
TFM Setup
TFM assumes that the particle phase is a quasi-continuous phase with fl uid phase properties. The particle phase and the fl uid phase are interdependent with each other so that the volume fraction could be used to characterize the particle phase in a certain region, where the volume fraction is a function of time and space, and the sum of all phases is one. For the TFM, the inlet and outlet conditions are mass fl ow inlet
FIG. 1:
Test rig for the fl uidized bed experiment: 1) computer, 2) high-speed camera, 3) light, 4) fl uidized bed, 5) mass fl ow controller, 6) refrigeration dryer, 7) air compressor and pressure outlet. These specifi c parameters are shown in Table 1 . Unlike the experiment, the inlet in the simulation is modeled as a centrally placed square nozzle with the same area of the nine holes used in the experiment, which is the same method used by Alobaid (2015) .
DEM Setup
For DEM simulation, since the gas-phase equation and the momentum exchange coeffi cient are both based on the volume of the particle, so the size of the mesh cells must be larger than the volume of the particles (Alobaid, 2015; Alobaid et al., 2013) . Using this criterion and the grid independence analysis of the solution, the total mesh size of 22,880 was found to be adequate, and the number of grid nodes along the length, width, and height are 22, 4, and 260, respectively; 30,000 spherical particles of 2.5 mm in diameter were packed at the bottom of the fl uidized bed, as shown in Fig. 2 . In order to ensure the randomness of the initial particle packing and to achieve the initial random particle accumulation state as much as possible, a series of air-blowing and free-fall simulations were conducted. The inlet boundary condition was set as mass fl ow inlet and outlet was set as a pressure outlet. The turbulent motion of the fl uid phase was solved using the standard k-ε turbulence model, and the spring-massdamper model in ANSYS was used to solve the collision process between the particles and that of the particles with the walls. These parameters are shown in Table 2 ( Alobaid et al., 2013; Zhou et al., 2018) . 
FIG. 2: Computational model of the fl uidized bed
RESULTS AND DISCUSSION
In our previous study , the internal fl ow characteristics of the fl uidized bed were discussed and analyzed by means of DEM simulation and experimental validation. It was found that the DEM model could predict the movement of dense gas-solid two-phase fl ow quite well, including the bubble formation process and pressure drop. However, it is very computation intense and time-consuming compared to the Eulerian TFM. In order to examine the relative accuracy of DEM and TFM, simulations are performed using the TFM and are compared with DEM in the following. Figure 3 shows the comparison of solid volume fraction of the particle phase calculated by the DEM model and the TFM from 0 ms to 225 ms time period for the inlet apparent gas velocity of 0.006 kg/s. At t = 0, both models have the same stacking height, approximately 15 cm, but it can be seen from this fi gure that the DEM model can well describe the surface depressions at the initial accumulation of the actual particles, however, the TFM cannot well describe this phenomenon because this model assumes that the particle phase is a continuous phase with a fl uid phase property and uses a volume fraction to characterize the particle phase distribution in the fl uidized bed, therefore the interface is a straight line. During the time period of 10-50 ms, a gradually increasing bubble is generated at the bottom of the fl uidized bed, and the upper layer of particles gradually starts to move upward. During this period, both models can well describe the changes in the bubble shape. However, with the passage of time, at about t = 75 ms, these two models show a difference in the simulation of the bubble volume and shape. The results show that the bubble diameter is significantly increased by using the DEM model, and the top of the bubble is semicircular, and it is evident that there is discrete particle phase inside the bubble. However, in the case of TFM, the variation in the bubble diameter and volume is relatively small, the top shape of the bubble is triangle, the tail shape of the bubble is an ellipse, and the whole bubble area is similar to the one when a bullet penetrates into the particle bed. Moreover, the surface of the bed does not show the expected changes; this result is different from the experimental result. It should be pointed out that all the calculated results from DEM are symmetrically distributed along the center of the fl uidized bed, which is consistent with the observed phenomena in the experiment, and the volume fraction of the particles in the bubble vortex calculated by this model is close to the measured value and is signifi cantly higher than that obtained from the TFM model. Figure 4 shows the comparison of solid volume fraction calculated by the DEM and the TFM for the time period of 250-475 ms at the apparent inlet gas velocity of 0.006 kg/s. It can be seen from this fi gure that both the DEM and TFM can well predict the changes in the bubble shape in this time period. However, there are some differences between the bubble shape calculated by the TFM and that obtained by the 
Particle Phase Distribution
experiment, showing that the bubble diameter is smaller than in the experiment and the calculation error is close to 18%, but for 250 ms to 350 ms time period the prediction of bed height by TFM is superior to the DEM, and the calculation error is only about 6%. During the 375-475-ms time period, the error between the TFM simulation results and the experimental results is more obvious; we can see from this fi gure that the bed height calculated by the TFM continues to increase, and the bubble begins to break through the bed surface reaching the free area at about t = 400 ms, with the bed surface still showing a triangular shape. However, it can be seen from the experimental result that the bed height begins to drop and the bubble reaches the surface of the particle bed at about t = 325 ms, and the particle bed begins the next fl uidization state at t = 425 ms. By comparison, we can fi nd that the DEM can predict the variation in bubble diameter and bed height quite well, although there is an error of 10% between the bed height predicted by the DEM and that measured by experiment. However, from both the aspect of changes in the bubble shape and the bed height, the DEM model can be used to calculate the dense gas-solid two-phase fl ow accurately.
Particle Longitudinal Velocity Distribution
Figures 5 and 6 show the particle velocity distribution in the fl uidized bed at different longitudinal heights (z = 10 cm and z = 15 cm). The selected longitudinal height can cover both the ejection area and the annulus area, so that the fl uidization characteristics of different regions inside the fl uidized bed can be well explained according to these results. Figure 5 shows the distribution of particle velocity along the transverse direction at z = 10 cm at different time steps (t = 100 ms, 200 ms, 300 ms, and 400 ms). It can be seen from this fi gure that there is a signifi cant difference between the particle velocity calculated by the DEM and the TFM near the fl uidized bed inlet region; the calculated particle velocity by the TFM is signifi cantly higher than that calculated by the DEM. However, at about 0.02-0.075 m from the middle plane of the fl uidized bed on both sides, the computed results from the two models are similar. For the Eulerian two-fl uid model, the velocity of the particle phase is up to 5 m/s at different time steps at the same height and the particle velocity does not change with time, which is different from the experimental results. For the DEM, the particle velocity calculated by this model is symmetrically distributed along the central plane of the fl uidized bed and the calculated particle velocity is small, and the maximum velocity is about 1 m/s which is similar to the experimental result.
At the same height, there is a signifi cant change in the velocity of the particles at different time steps, showing that there is an upward moving trend of the bottom particles at the initial time step. At t = 200 ms, the bubbles reach a height of 10 cm, causing the velocity of the particle phase in this area to increase as expected. As the fl uidization time continues to grow, the particle phase begins to show a regular annular motion within the fl uidized bed. At about t = 300 ms, the particle velocity away from the inlet of the fl uidized bed is relatively large, which effectively illustrates the annulus motion of the particle phase during this time period. When the fl uidization process approaches the end, the entire particle bed is fi lled with a gas, so the velocity of the particle phase at the inlet region is relatively low. Figure 6 shows the distribution of particle velocity in the transverse direction at z = 15 cm and at different time steps t = 100 ms, 200 ms, 300 ms, and 400 ms. It can be seen from this fi gure that the particle velocity at this height is higher than that at z = 10 cm. This is due to the fact that the particle bed has reached this position at the selected time steps, so that the particles in the bubbles are free to move under the inlet air fl ow. In addition, the values obtained at z = 15 cm are similar to those obtained at z = 10 cm, showing that the TFM and the DEM have a large difference in the calculation of the velocity distribution of the particles. It can be seen from this fi gure that the velocity of the entire bed is relatively large at t = 100 ms. For the TFM, at this point of time and height, the whole bed shows an upward trend. However, for the DEM, although the calculation results of this model also show the upward trend of the whole particle bed, the speed is much smaller and the particle velocity gradually increases and there is no obvious jump.
For t = 200 ms, the results of the two models show that the overall upward trend of the particle bed is reduced. For the TFM, the velocity of the particle phase is higher than that at t = 100 ms, and the logarithmic distribution trend is on both sides of the axial surface. The results of the DEM are similar to those calculated at t = 100 ms, but the high-speed region is wider. At t = 300 ms, there is signifi cant peak and trough in the DEM calculation, indicating that there is a signifi cant gap motion within the particle bed at that moment. However, the TFM cannot indicate this trend, and the particle velocity in the region is still too high. For the fi nal stage of the fl uidization process, the velocity of the particles calculated by the TFM is still large, which is different from that in the experiment, but the DEM can predict that well.
CONCLUSIONS
In this paper, DEM and TFM are used to simulate the gas-solid two-phase fl ow in a small gas-solid fl uidized bed. The results show that the TFM cannot predict the evolution of the bubbles in the fl uidized bed accurately and the calculated particle velocity is small; however, the model can predict the height of the bed better in the initial period of fl uidization. With the development of the fl uidization process, the TFM cannot predict the changes in bed height accurately. Compared to the TFM, it is found that the DEM is closer to the experiment in determining the changes in the bubble shape, bed pressure fl uctuations, and particle velocity. However, the bed height predicted by DEM is slightly lower than the experimental value. From the point of view of fl uid dynamics and solid particle trajectory, DEM can be used to solve more accurately the gas-solid two-phase fl ow with particle concentration greater than 12% compared to TFM and can better describe the fl ow characteristics in the gas-solid fl uidized bed. 
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